Abstract. Recent advances in fullerene-based Schottky organic solar cells (OSCs) are presented, with a focus on the current understanding of device physics. Fullerene-based Schottky OSCs attain high open-circuit voltages due to the n-type Schottky junction formed between fullerene and an adjacent high work function anode. Small concentrations of donor material doped into the fullerene matrix serve as efficient exciton dissociation and hole transport agents that can substantially bolster short-circuit currents and fill factors. As a consequence, fullerene-based Schottky OSCs have been demonstrated to provide some of the highest-performance vacuum-deposited small molecule OSCs, with power conversion efficiencies up to 8.1%. Fullerene-based Schottky OSCs constructed using different donor materials and varying cathode buffer layers, as studied by a number of different research groups, are presented. To elucidate the differences between Schottky OSCs and more traditional bulk-heterojunction OSCs, we discuss the photophysics of fullerenes, the role of the donor material, and charge transport in low donor concentration active layers. Fullerene-based Schottky OSCs possess considerable advantages because they can reach high efficiencies with a simple structure using readily available and cost-effective materials. The impact and applicability of the Schottky device architecture on the field of organic photovoltaics at large are discussed. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI.
Introduction
The performance of organic solar cells (OSCs) has been continuously improving due to the concurrent development of new organic materials and device structures. [1] [2] [3] [4] [5] In this review, the development of the emerging and highly promising fullerene-based Schottky OSC device architecture is presented. This device architecture has been the subject of intense research in the past 2 years due to its simplicity, use of easily available (and in many cases cost-effective) materials, and very high power conversion efficiencies (PCEs). The objective of this review is to present current understanding of the device physics of fullerene-based Schottky junction OSCs and highlight the progress made in improving the performance of this device architecture. In Sec. 2, we report on recent progress in fullerene-based Schottky junction OSCs, with a comprehensive analysis of the reports in the literature that employ this particular device structure. Specific details regarding the device physics, especially the reasons behind the PCE values obtained using this relatively unstudied device architecture, are discussed in Sec. 3 .
In order to better understand the appeal of the fullerene-based Schottky OSC, it is worthwhile to briefly examine the historical developments in OSC device architecture to date. Some of the earliest OSCs were fabricated by sandwiching p-type organic semiconductors in between metal electrodes, 6 with photovoltaic properties granted by the Schottky contact formed between the p-type organic semiconductor and the low work-function electrode. The operation of these devices was based upon the formation of a rectifying metal-insulator-semiconductor junction between the p-type organic material and the low work-function metal. While these early
OSCs offered high open-circuit voltages (V oc ) of up to 1 V, their overall performance was quite poor, with PCE values ranging from less than 10 −4 % to 0.7%, due to extremely low short-circuit current (J sc ) and fill factors (FF). The, generally poor performance was caused by the poor exciton dissociation properties of the device architecture, essentially limited to field-dependent dissociation of excitons immediately next to the organic semiconductor/ metal interface. In 1986, Tang published a two-layer OSC device structure, which relied on the formation of a heterojunction between a p-type (or donor) and a n-type (or acceptor) organic semiconductor, 7 with the structure: indium tin oxide (ITO)/copper phthalocyanine (CuPc)/perylene tetracarboxylic derivative (PV)/Ag. This planar heterojunction (PHJ) structure naturally provided substantial gains in photocurrent due to the efficient dissociation of excitons at the CuPc/PV interface. However, the V oc was much lower for the two-layer device (<0.45 V) than the previous p-type Schottky OSCs because it was no longer set by the organic semiconductor/metal interface, but rather by the organic/organic heterojunction.
The impressive performance of the two-layer OSC led to a substantial increase in research activity in the field of organic photovoltaics in general. 1, 2 The next major shift in OSC device architecture occurred when researchers mixed the donor and acceptor materials together to form the bulk heterojunction (BHJ). [8] [9] [10] [11] [12] The charge-generation capabilities of the BHJ was much higher than the two-layer OSC, because the interfacial area between the donor and acceptor material was increased substantially. However, as with the PHJ, the V oc of the BHJ was dictated by organic/organic interface, essentially limited by the energy level difference between the donor's highest occupied molecular orbital (HOMO) and the acceptor's lowest unoccupied molecular orbital (LUMO). The commonly accepted model for the V oc in either the PHJ or BHJ is: V oc ¼ 1∕e ðjE Donor HOMO j − jE Acceptor LUMO jÞ − 0.3 V, where the 0.3 V factor represents energetic losses within the material or at the organic-electrode interfaces. [2] [3] [4] Coupled with the introduction of highly absorbing donor materials 2, 3 and efficient acceptor materials, such as fullerenes, 13, 14 the establishment of the BHJ architecture allowed for rapid improvements in PCE. However, since the development of the BHJ, interest in novel device architectures has slowed, with most new structures employing a BHJ mixed layer in combination with other photoactive, charge transport, or charge extraction layers. Noting that OSCs with the BHJ architecture generally have lower FF values due to poor charge transport, several researchers employed neat layers of donor and acceptor materials to border the BHJ layer. 3, 8 Doping the neat donor and acceptor layers to increase the free-carrier concentration and hence control the Fermi level was demonstrated as a powerful approach to improve the OSC FF. 15 This particular OSC structure resembled that of an inorganic p-i-n solar cell, with the majority of charge carrier generation occurring in the thin BHJ "i" layer. Single junction p-i-n OSCs have been demonstrated in the literature to reach efficiencies of 4.0%-6.0%, 3, 16 while companies such as Heliatek GmbH (Dresden, Germany) have shown these p-i-n OSCs in the tandem configuration to be capable of reaching PCE values over 10%. 17 The Schottky OSC architecture has witnessed a resurgence in popularity in recent years due to its notably high performance when fullerenes, instead of p-type organic semiconductors, are used as the principal photoactive material and to form the Schottky contact. The device structure of fullerene-based Schottky OSCs is surprisingly simple, with only one donor-acceptor mixed active layer situated adjacent to a high work function anode. Unlike standard BHJ OSCs, where the concentration of the donor and acceptor species was roughly equal, fullerene-based Schottky junction OSCs feature a donor-acceptor mixed layer with very high (80%-95%) fullerene acceptor concentrations. In spite of this simple design and use of readily available materials, the efficiency of fullerene-based Schottky OSCs has been demonstrated to exceed 8.0%, 18 which is higher than the best reported single junction p-i-n cells. The development of the fullerene-based Schottky junction OSC is important because: (1) in addition to the planar junction, BHJ and p-i-n OSCs, it represents an alternative and novel device structure capable of achieving high efficiencies, (2) it highlights the photoactive properties of fullerene acceptors and sheds light on the device physics of fullerene-rich OSCs, and (3) it shows how Schottky junction interfaces can improve OSC performance by having the V oc determined by the Schottky barrier instead of the commonly accepted HOMO donor − LUMO acceptor energy level difference. A brief review of the development of fullerene-based Schottky junction OSCs to date is now warranted in order to understand the factors that have led to the impressive performance of this device architecture.
In Sec. 2 below, we now focus on these high-efficiency reports in the literature and put them in the context of the first reports of the MoO 3 ∕C 60 Schottky OSCs discovered only a few years past.
Initial Reports and Recent Progress
The first fullerene-based Schottky OSC was introduced by Zhang et al. in 2010 with the device structure: ITO∕MoO 3 ∕C 60 ∕bathophenanthroline ðBphenÞ∕LiF∕Al.
19 ITO∕MoO 3 was used as the high work function anode, and C 60 was the sole photoactive material in the device. While the visible absorption of C 60 is quite weak, the best performing neat-C 60 Schottky OSCs, reported later in 2011 by Zhang et al., exceeded expectations with a J sc of 1.6 mA∕cm 2 , V oc of 1.3 V, FF of 31%, and PCE of 0.65%. 20 The origin of the high V oc and J sc was attributed to the formation of a Schottky junction at the ITO∕MoO 3 ∕C 60 interface. 19 In contrast, the V oc of a simple ITO∕C 60 cell was reported to be 0.4 V. 20 Ultraviolet photoelectron spectroscopy (UPS) and inverse photoemission spectroscopy (IPES) were used to study the ITO∕MoO 3 ∕C 60 interface. A strong increase in the work function of ITO, from approximately 5.78 to 6.8 eV, was reported upon the deposition of the MoO 3 buffer layer. The increase in the work function of the ITO∕MoO 3 electrode was attributed to the formation of a 1.02-eV interface dipole at the ITO∕MoO 3 interface. A significant interfacial dipole was not measured at the MoO 3 ∕C 60 interface. The high work function of the ITO∕MoO 3 anode causes charge transfer (CT) from C 60 to the MoO 3 resulting in the formation of a C 60 þ space charge layer. 21 By employing in situ measurements, the researchers noted that the energy levels of C 60 gradually relaxed to their bulk value as the C 60 layer thickness was increased, indicating the presence of band bending within the C 60 layer (determined to extend approximately 40 nm away from the ITO∕MoO 3 anode).
19,21 Figure 1 shows the energy level diagram of the ITO∕MoO 3 ∕C 60 interface inferred using UPS and IPES data. 21 When the fullerene-based Schottky OSCs were doped with low concentrations of donor material, Zhang et al. observed that the OSC performance increased considerably. 20 Specifically, upon the addition of 5% of 1,1-bis-(4-bis(4-methyl-phenyl)-amino-phenyl)-cyclohexane (TAPC) as a donor material into the C 60 matrix, the J sc and FF increased dramatically while the high V oc was largely unaffected. As a consequence, the PCE of the TAPC-doped C 60 Schottky OSC increased over fourfold from the cells composed of neat C 60 . Furthermore, the researchers showed that using C 70 instead of C 60 increased the performance of the OSCs even further, due to its much stronger visible absorption. For reference, Fig. 2 shows the general structure of a fullerene-based Schottky junction OSC with typical thicknesses of layers reported in the literature. Zhang et al. used BPhen/LiF as an electron extraction layer and TAPC∶C 60 as the donor-fullerene active layer.
In their initial work, Zhang et al. noted that the V oc of the TAPC∶C 60 active layer OSC was heavily dependent on the mixing ratio of the two species. Neat C 60 Schottky OSCs demonstrated a V oc of 1.33 V. Upon the addition of 1.2% of TAPC, the V oc decreased to 1.02 V. Further addition of TAPC donor decreased the V oc even further up to 0.74 V (at a TAPC concentration of 50%). Zhang et al. attributed the decrease in the V oc to the TAPC HOMO energy level becoming shallower, and hence reducing the HOMO TAPC − LUMO C60 difference, as the TAPC concentration increased in the mixed layer. 20 However, at low concentrations, they noted that the V oc of the TAPC doped Schottky OSC was characteristic to the Schottky junction formed at the ITO∕MoO 3 ∕C 60 interface instead of the HOMO donor − LUMO acceptor offset. 20 When the mixing ratio of the donor-acceptor species is varied in a p-i-n type OSC, recent reports have shown that the V oc variation is usually less than AE100 mV, indicating that the impact of varying HOMO energy levels as a function of mixing ratio is minimal. 22, 23 This lends more evidence to the fact that the V oc is determined by the band bending at the ITO∕MoO 3 ∕C 60 interface in a Schottky junction OSC. With regard to the enhanced J sc upon the addition of the donor material, Zhang et. al suggested that it was due to an increase in exciton dissociation efficiency in the C 60 matrix.
Most strikingly, Zhang et al. observed only small differences in performance when donors, such as titanyl phthalocyanine (TiOPc), rubrene, and 5,5′′′′-bis(naphth-2-yl)-2,2′:5′,2′′:5′′,2′′′: 5′′′,2′′′′ quinquethiophene (NaT5), were used instead of TAPC in 5% concentration mixtures with C 60 . 20 The J sc for the 5% donor-C 60 active layers ranged from 5 to 6 mA∕cm 2 and the V oc varied from 0.9 to 1.0 V. Considering that each of these donor materials possesses different HOMO and LUMO energy levels, this particular experiment provided further critical evidence that the V oc of the donor-doped Schottky OSC was not determined by the HOMO donor − LUMO acceptor offset, but rather by the band bending at the ITO∕MoO 3 ∕C 60 interface. 20 As a result, the V oc was suggested to be critically dependent on the presence of the MoO 3 anode buffer layer. Future work has shown that increasing the work function of the ITO using CF 4 ∶O 2 or O 2 plasma treatments also allows for the formation of the band bending region in C 60 . 24 Perhaps most critically, Zhang et al. demonstrated a high-efficiency donor-doped Schottky OSC with a 60 nm TAPC ð5%Þ∶C 70 ð95%Þ active layer, which achieved a J sc of 11.43 mA∕cm 2 , V oc of 0.91 V, FF of 50.2%, and a PCE of 5.23%. At the time of publication, this was one of the highest single-cell efficiencies for vacuum-deposited small molecule OSCs.
Following the seminal works of Zhang et al., several groups have utilized donor-doped fullerene heavy active layers adjacent to an ITO∕MoO 3 anode to fabricate Schottky OSCs. Tables 1 and 2 provide a performance summary of the vacuum-deposited Schottky OSCs reported in the literature to date (for C 60 -and C 70 -based Schottky OSCs, respectively). The donor concentrations generally range from 2% to 25%. The differences in performance are most strongly related to the choice of donor and acceptor materials, as well as the thickness of the active layer; however, the choice of anode and cathode buffer layers, material purity and differences in fabrication process also play critical roles. Note that when values were not listed explicitly in table or text format, values were obtained from associated graphs/figures. For easier comparison, the reported performance figures for neat-C 60 and neat-C 70 Schottky OSCs were from the same research group.
Some highlights from Table 1 are addressed presently. Pandey et al. fabricated C 60 and C 70 Schottky OSCs with a boron subphthalocyanine (SubPc) donor material. 26, 31 While the researchers did not explicitly refer to the Schottky effect in their work, the V oc and J sc dependences on the mixing ratio follow the trends first reported by Zhang et al., i.e., the V oc increases as SubPc concentration decreases and the J sc is at a maximum when the SubPc concentration is quite low at 20%. 26 The optimum efficiency obtained with their SubPc∶C 60 Schottky OSC was found to be 3.7%, whereas their SubPc∶C 70 Schottky OSC achieved an impressive 4.7%. By using a graded doping profile, they further improved the efficiency of their SubPc∶C 60 devices to 4.5% and their SubPc∶C 70 devices to 5.4%. 26, 31, 34 Figure 3(a) shows the doping profile of 33 The optimum performance was obtained for a DIB-SQ concentration of 16.7%, which showed a PCE of 6.1%, providing a J sc of 13.6 mA∕cm 2 , V oc of 0.86 V, and a FF of 52%. The V oc of the cells increased from 0.77 V for 50% DIB-SQ to around 0.94 V for 4.8% DIB-SQ, as expected for a Schottky structure OSC. Surprisingly, a J sc of 10.4 mA∕cm 2 was reported for this device even when the concentration of DIB-SQ was as low as 0.05%, indicating that DIB-SQ is a well-suited donor material for the Schottky OSC configuration (primarily due to its energy levels, which is discussed in Sec. 3 of this review). Chen et al. also demonstrated solution processed OSCs with the device structure: ITO∕MoO 3 ∕ DIB-SQ∶PC 70 BM∕BCP∕Al. 35 Similar to the vacuum-deposited device, the best performance was attained for a DIB-SQ concentration of 16.7%. The performance of the solution processed devices was lower, however, with a PCE of 4.0%, J sc of 10.6 mA∕cm 2 , V oc of 0.93 V, and FF of 41%. OSCs fabricated with neat PC 70 BM showed a high V oc of 1.22 V but a very low J sc of only 0.2 mA∕cm 2 , indicating that the photogeneration of charge carriers is much less efficient than for Schottky OSCs that employ vacuum-deposited C 70 films. The addition of 5% DIB-SQ for the solution-processed (PC 70 BM) Schottky OSCs increased the J sc dramatically from 0.2 to 5.7 mA∕cm 2 , but decreased the V oc to 0.95 V. Intriguingly, further increasing the DIB-SQ concentration did not significantly affect the V oc , which is contrary to the trends observed with vacuum-deposited Schottky OSCs.
Yang et al. demonstrated that the Schottky OSC architecture can be implemented using solution-processed PC 70 BM and polymer donor materials, such as poly(3-hexylthiophene) (P3HT), poly [4,8- The V oc values of the tandem Schottky cells were quite high with almost no loss due to the interlayers. The single cell showed a V oc of 0.91 V, whereas the double and triple stacks showed V oc values of 1.81 and 2.71 V, respectively. The J sc , however, suffered from drastic reductions in the tandem configuration. The single cell showed a J sc of 6.77 mA∕cm 2 . In a double-stack configuration, the J sc decreased dramatically to 4.30 mA∕cm 2 , and the triple-stack J sc was further reduced to 3.08 mA∕cm 2 . Since the FF did not significantly change in the tandem configuration (approximately 53%), the J sc losses can be attributed to reduced absorption in each subsequent cell of the tandem stack; C 60 was the only absorbing species and it was used in each of the subcells. Since the Schottky architecture generally relies on strong fullerene photocurrents, and fullerene is essential to the Schottky OSC operation (i.e., it cannot be replaced with alternative acceptors with different absorption characteristics), the tandem cell approach is thus shown to be poorly suited for stacked Schottky OSCs in general. An individual Schottky OSC may, however, be reasonably successful as a single subcell within a tandem structure, where the other subcells employ standard BHJ structure OSCs.
In 2013, Xiao et. al and Zheng et al. reported on the use of tetraphenyldibenzoperiflanthene (DBP) as a donor material in C 70 Schottky OSCs, demonstrating very high efficiencies. 30, 32 Using the structure ITO∕MoO 3 ∕DBP ð11.1%Þ∶C 70 ∕BPhen∕Al, Xiao et al. achieved a PCE of 5.7% with a J sc of 10.7 mA∕cm 2 , V oc of 0.90 V, and FF of 57%. By adding a thin 9-nm layer of neat-C 70 after the mixed DBP∶C 70 layer, the J sc increased to 12.3 mA∕cm 2 allowing for a PCE of 6.4%. The neat-C 70 layer was suggested to shift the optical field maximum away from the ITO∕MoO 3 anode resulting in reduced exciton quenching and consequently improved carrier generation. Zheng 28 Using the structure ITO∕MoO 3 ∕ TPTPAð5%Þ∶C 70 ∕BCP∕Ag, the OSCs showed a PCE of 5.23% with a J sc of 11.6 mA∕cm 2 , V oc of 0.91 V, and FF of 49.6%. Several different cathode buffer layers were employed to improve electron conduction to the cathode. A buffer layer composed of 5 nm 3,4,9,10-perylenetetracarboxylic bis-benzimidazole ðPTCBIÞ∕5 nm BCP was found to increase both the J sc and FF compared to the standard 10-nm BCP buffer layer. As a result of the optimized buffer layer, the PCE of the TPTPA∶C 70 Schottky OSCs was shown to increase from 5.23% to 5.96%.
Further Insights into the Device Physics of Fullerene-Based Schottky Organic Solar Cells
The origin of the high V oc in fullerene Schottky OSCs was explained thoroughly by Zhang et al. as being caused by CT and subsequent band bending at the ITO∕MoO 3 ∕fullerene interface.
19,21
Subsequent studies on the device physics of fullerene-based Schottky OSCs have focused on explaining the origin of J sc , the role of the donor material, and the dynamics of charge transport. Zhang et al. suggested that the photocurrent produced by neat-fullerene Schottky devices (i.e., those without a donor dopant) was due to field-assisted exciton dissociation in the bulk fullerene film due to the work function difference between the ITO∕MoO 3 anode and the LiF/Al cathode. 19 They observed that the photocurrent produced by these cells was linearly dependent on the applied voltage, indicating high levels of charge recombination within the device. Several groups have since observed the same phenomenon in neat-fullerene Schottky OSCs. 30, 36 Yang et al. suggested that a likely reason for high recombination in these devices was due to the extremely low hole mobility in neat-fullerene Schottky OSCs. 36 Based on a report by Kazaoui et al., 38 they also suggested that the origin of the J sc in neat-fullerene Schottky OSCs was due to the dissociation of weakly bound excitons in the fullerene material.
Kazaoui et al. investigated the excitation relaxation processes and photocarrier generation mechanisms in both C 60 and C 70 films using UV-visible absorption, electroabsorption, luminescence, electric-field-induced luminescence quenching, and steady-state photoconductivity experiments.
38,39 Figure 4 shows the absorption spectrum, luminescence excitation spectrum, and luminescence efficiency spectrum of a 20-nm-thick C 60 film. 38 In the absorption spectrum [ Fig. 4(a) ], the peak at 3.53 eV (approximately 351 nm) is common to both C 60 in solution as well as C 60 in the solid state (thin films). However, the wide absorption band stretching from Kazaoui et al. concluded that the absorption peak at 3.53 eV is due to the first allowed electronic transition in C 60 , leading to the formation of an intramolecular exciton. The feature between 2.3 and 3.0 eV was attributed to interactions between neighboring C 60 molecules, leading to the formation of an intermolecular CT exciton. 38 Similar observations were also reported for C 70 films. 39 Kazaoui et al. also discussed the mechanism of dissociation of excitons in C 60 as a multistep process 38 : (1) following the absorption of light, either an intramolecular exciton on an individual C 60 molecule or intermolecular CT exciton between multiple C 60 molecules is formed and (2) the exciton can either relax to the lowest singlet state by internal conversion, or it may form intermolecular CT states that can be dissociated into free carriers.
The dissociation process for excitons formed by light wavelengths from 330.6 to 539.1 nm was identified to be field assisted; however, excitons formed by light wavelengths from 539.1 to 729.3 nm required thermally assisted exciton dissociation due to their higher binding energies. Given the possibility for field-assisted exciton dissociation in neat-fullerene films, it is thus unsurprising that neat-fullerene Schottky OSCs show a strong voltage-dependent photocurrent. Furthermore, the FF for neat-C 60 Schottky OSCs is quite low, with values usually below 35%. Since the decay of excitons into singlet states competes with the formation of CT states that can be dissociated into charge carriers, a high level of recombination can be expected in neat-C 60 Schottky OSCs, which consequently reduces FF.
Yang et al. conducted an extensive study comparing the external quantum efficiency (EQE) spectra of neat-PC 70 BM OSCs with 5% P3HT∶PC 70 BM OSCs. 36 The I-V curves of neat-PC 70 BM OSCs and 5% P3HT∶PC 70 BM OSCs are shown in Fig. 5(a) . The EQE spectra of neat PC 70 BM cells, shown in Fig. 5(b) , exhibit photocurrent generation for wavelengths less than 540 nm. We have reported similar observations with vaccum-deposited neat-C 60 OSCs showing significant photocurrent generation for wavelengths below 540 nm [ Fig. 6(a) ]. 25 Both results are in good agreement with previous work by Kazaoui et al., which confirms that the photocurrent generation efficiency of neat-fullerene films increases dramatically below 539.1 nm. 38 As noted previously, doping the neat-fullerene Schottky OSC with small concentrations of donor material results in a dramatic increase in photocurrent. 20 Explicit comparisons of the EQE of neat-fullerene and donor-doped Schottky OSCs were first reported by Yang et al. with P3HT∶PC 70 BM, as shown in Fig. 5(b) . 36 Upon the addition of P3HT, the EQE is strongly enhanced across the entire spectrum. They attributed the EQE enhancement to an increase in the dissociation efficiency of both intramolecular and intermolecular excitons in PC 70 BM by charge transfer to P3HT donor. They also suggested that the P3HT donor material provided hole percolation pathways to the anode, and hence increased hole mobility (to potentially enhance FF) within the device.
In recent work, we performed a similar EQE study, but with vacuum-deposited chloroindium phthalocyanine ðClInPcÞ∶C 60 Schottky OSCs. 25 We further included a 50% ClInPc∶C 60 Schottky OSC as a "standard BHJ structure" control. Figure 6(a) shows the EQE spectra of ClInPc∶C 60 Schottky OSCs with varying donor concentration and Fig. 6(b) shows the UV/Vis absorption spectra of the same. Comparing the EQE and UV/Vis spectrum of the neat-C 60 Schottky OSCs/films, it is clear that the shape of the EQE spectrum follows the absorption spectrum over the wavelengths 350 to 400 nm, but it does not match for wavelengths 400 to 550 nm. With the addition of 10% ClInPc to a neat-C 60 Schottky OSC, we observed an increase in EQE across the entire spectrum, similar to the observations by Yang et al., indicating that the donor material increases the dissociation of both intramolecular and intermolecular excitons in C 60 by CT to ClInPc. Furthermore, we noticed an enhancement in the EQE in the wavelength range from 400 to 550 nm. As a result, the shape of the EQE spectra for the 10% ClInPc∶C 60 OSC follows the shape of the UV/Vis absorption of neat C 60 from λ ¼ 400 to 550 nm (thus suggesting that the donor is essential in harvesting these excitons, as is discussed further below). As the ClInPc doping concentration was increased to 50%, the EQE in this region was again suppressed. The normalized EQE spectra indicate that this could not be explained by a reduction in the C 60 concentration alone.
To better understand the photocurrent contributions from C 60 in the wavelengths from 400 to 550 nm, we examined the absorption spectrum of C 60 in toluene [ Fig. 6(b) ]. Comparing the absorption spectra of C 60 in toluene versus that of the neat the C 60 film, the thin-film specific absorption band is clearly visible in the wavelength range of λ ¼ 400 nm to λ > 600 nm, with a peak at λ ¼ 470 nm. This absorption band was previously noticed by Kazaoui et al. and is suggested to be due to the aggregation of fullerene molecules in thin films. They also suggested that the absorption of light by fullerene in this wavelength range resulted in the formation of intermolecular CT excitons. 38 Upon doping the C 60 film with 10% ClInPc, the absorption of C 60 at the λ ¼ 350 nm band and λ ¼ 470 nm band remain unchanged and a new band with a peak at λ ¼ 720 nm corresponding to ClInPc absorption is observed. When the doping concentration of ClInPc is increased further to 50%, the normalized UV/Vis absorption spectra show that the C 60 intermolecular CT absorption band is preferentially suppressed, indicating that the aggregation of C 60 molecules is hindered. 25 Since the UV/Vis absorption spectra suggest strong changes in C 60 aggregation behavior with varying concentrations of donor within the fullerene film, we studied the relevant films by atomic force microscopy (AFM). Figure 7 shows the AFM images of 50-nm C 60 films with no ClInPc, 10% ClInPc, 20% ClInPc, and 50% ClInPc. Neat C 60 films display a surface roughness of 3.3 nm with many nodules, which are indicative of aggregate formation. When 10% ClInPc is doped in C 60 , the density of nodules appears unchanged and the surface roughness decreases slightly to 3.0 nm. However, when 50% ClInPc is doped into the C 60 film, the number of nodules is significantly diminished and the surface roughness decreases significantly to 2.5 nm. This is a strong indication for the reduction of C 60 aggregates. Taking the UV/Vis absorption and AFM data together, it is evident that the aggregation of C 60 molecules in thin films gives rise to the intermolecular CT absorption band from λ ¼ 400 to 600 nm, confirming the previous stipulations by Kazaoui et al. 25, 38 Relating these observations to the EQE spectra of the devices, it can be seen that the reduction of J sc at high-donor doping concentrations is due to the reduction of the photocurrent generation by C 60 aggregates. 25 At high-donor doping concentrations, C 60 aggregation is reduced, which leads to lower absorption in the C 60 intermolecular CT absorption band from λ ¼ 400 to 600 nm and consequently, lower EQE over that wavelength range. The absorption (and associated photocurrent generation) by the donor material does not compensate for the loss of C 60 aggregate absorption and, therefore, leads to an overall reduction of J sc of the solar cell. The reduction in J sc may also be associated with the generally poorer charge transport properties in films with lower C 60 content. The optimum J sc generated by Schottky OSCs occurs when the donor doping increases exciton dissociation efficiency in the fullerene material without disrupting fullerene aggregation, which is also supported by later work by Zheng et al. 40 The function of the donor material as an exciton dissociation agent has been investigated by Jin et al., and also in our previous work. 25, 29 Since fullerenes are the primary light absorbers in Schottky OSCs, the dissociation of excitons from fullerene must proceed by hole transfer to the donor HOMO level from the fullerene HOMO level. By comparing the performance of Schottky OSCs comprising C 60 films doped with various donor materials (NPB, CBP, m-MTDATA, CuPc, and TCTA), Jin et al. observed that the optimum ΔHOMO donor-C60 energy level difference is approximately 0.8 eV. Figure 8(a) shows a schematic of exciton dissociation in a C 60 Schottky OSC. Figure 8 (b) shows the optimum HOMO energy level difference required between a given donor and C 60 to allow for efficient exciton dissociation, as determined empirically. Our results, which tested CBP, NPB, DCJTB, Alq3, and ClInPc donor materials, were in good agreement with the findings by Jin et al. 25 Given the large disparity in donor and acceptor concentrations in Schottky structure OSCs, charge transport within these structures has naturally been studied at depth. 20, 25, 26, 28, 33, 40, 41 Song Schottky cells with varied TAPC doping levels. 41 They observed that, for neat C 70 and 10% TAPC∶C 70 , monomolecular recombination dominated; however, for devices with 30% TAPC∶C 70 , space-charge limited recombination was more likely. They also found that 30% TAPC∶C 70 cells had continuously increasing performance to T ¼ 400 K, indicating the release of trapped charges. Their measured electron and hole carrier mobilites showed that hole mobility was always two to three orders of magnitude lower than electron mobility, similar to observations noted by other researchers. 20, 26 Even when the donor concentration was 50%, the hole mobility was found to be roughly an order of magnitude lower than the electron mobility. 20, 26 Further, the increase in hole mobility from 10% TAPC to 30% TAPC was not nearly as significant as the increase from 0% TAPC to 10% TAPC. It is worth noting that the TAPC donor material absorbs in the UV wavelength range and, as a consequence, does not contribute to the photocurrent even in the 30% TAPC∶C 70 devices. It is likely that OSCs with donor materials that absorb in the visible range, and thus contribute to the photocurrent at high concentrations, could show different charge trapping and recombination behavior.
Several groups have determined that nanoscale phase separation of the donor material in vacuum-deposited small molecule films is more prevalent when the donor concentration is low. 26, 28, 30, 31 Using high-resolution transmission electron microscopy (TEM), Pandey et al. observed that the extensive phase separation is present in SubPc∶C 60 mixtures. 26 Nanocrystalline domains of both SubPc and C 60 were more prevalent in the 20% SubPc∶C 60 mixture than in the 50% SubPc∶C 60 mixture (which was completely amorphous), indicating that low donor concentration mixtures might be more prone to phase separation. Similar results were also demonstrated by Zheng et al. in TPTPA∶C 70 and DNTT∶C 70 Schottky OSCs at 5% donor concentration. 28, 40 Cross-sectional TEM images of 5% TPTPA∶C 70 OSCs are shown in Figs. 9(a) and 9(b) . 28 The black domains in Fig. 9 (a) belong to TPTPA and white domains belong to C 70 , indicating clear phase separation between the two species. Both groups suggested that the phase separation was a likely cause for improved charge transport properties of low donor concentration active layers.
The spatial distribution of donor molecules within the donor∶C 70 mixed layer has been investigated by Zheng et al., and also in our previous work. 24, 25, 30 Zheng et al. compared the performance of the following active layers: (A) 10 nm 5% DBP∶C 70 ∕30 nm C 70 and (B) 30 nm C 70 ∕10 nm 5% DBP∶C 70 . 30 They found that the only 10 nm of 5% DBP∶C 70 was needed to greatly increase exciton dissociation, and hence the J sc in the entire active layer. They also found that the FF and J sc of the 30 nm C 70 ∕10 nm 5% DBP∶C 70 structure (i.e., where the mixed layer is adjacent the cathode instead of the anode) was quite poor, indicating that the presence of donor is perhaps necessary for CT to the anode. To examine the extraction of holes in Schottky OSCs in more detail, we constructed ClInPc∶C 70 Schottky OSCs with an active layer structure: 10% ClInPc∶C 70 ðx nmÞ∕C 70 (30 − x nm). Increasing the thickness of the ClInPc∶C 70 layer increased the J sc due to better exciton dissociation but also degraded the FF due to poorer CT. As a result, the optimum J sc , FF, and PCE were obtained when the ClInPc∶C 70 thickness was 17.5 nm and the neat C 70 thickness was 12.5 nm. Considering these observations together, it is clear that the presence of a small amount of donor material at the anode is crucial to the performance of the Schottky OSC.
Conclusions
Fullerene-based Schottky OSCs have attracted considerable attention recently due to their simple structure and impressive performance. The key feature of fullerene-based Schottky OSCs is that the active layer is composed of a fullerene matrix doped with low concentrations of donor material and is placed next to a high work function anode. The high V oc of the fullerenebased Schottky OSC is now known to be due to the formation of an n-type Schottky junction at the high work function anode/fullerene interface. The, generally high J sc values obtained with this structure have been identified to be largely associated with fullerene aggregate absorption. Interestingly, the intermolecular excitons formed by fullerene aggregates are more strongly bound than the intramolecular excitons, and they require an added dissociation agent (beyond the built-in field) to generate free carriers. This is generally accomplished by doping the fullerene matrix with a small concentration of donor material, which increases the J sc and FF dramatically. However, if the donor concentration is too high, it disrupts the aggregation of fullerenes resulting in reduced J sc values. OSCs constructed with the Schottky junction architecture have been shown to reach efficiencies as high 8.1% in the literature, largely due to the use of donor materials with optimum energy levels for efficient exciton dissociation.
The main appeals of the fullerene-based Schottky OSC are its use of easily available materials, simple device structure, and very high power conversion efficiencies. It is shown to be capable of providing good performance with a much weaker dependence on the physical properties of the donor, as much of the OSC properties and associated photocurrent generations are provided by the fullerene. It could also be exciting to see fullerene-based Schottky OSCs used in tandem configurations with regular BHJ OSCs, which would allow for the absorption of a large portion of the solar spectrum. The development of fullerene-based Schottky OSCs has provided remarkable insights into the role of the fullerene material in driving OSC performance. The formation of the high work function anode/fullerene-based Schottky junction as well as the photoactive and CT properties of fullerene-rich active layers has been investigated in detail. Since fullerenes are currently the most popular acceptor materials in the field of organic photovoltaics, it is likely that these observations will be found applicable to any OSC that employs fullerene acceptors.
The broader impact of the development of fullerene-based Schottky OSCs is the realization of a novel alternative device structure that is capable of high PCEs. When evaluating the performance of a new donor material, this device architecture should be considered along with other more commonly studied OSC architectures, such as the standard BHJ and the p-i-n OSC. To this end, a good Schottky OSC donor has an optimum ΔHOMO donor-fullerene energy level offset with the fullerene acceptor and increases exciton dissociation efficiency without disrupting the aggregation of the fullerene material. As a consequence, the fullerene-based Schottky junction architecture is ideally suited for only specific donor materials, which may have drastically different properties than traditionally synthesized donor materials. With further optimization of the donor, the fullerene-based Schottky OSC architecture offers a simple, cost-effective method to achieving high-performance organic photovoltaics.
